INTRODUCTION
During embryogenesis in Xenopus laevis growth factor-like molecules are involved in early inductive cell interactions. Two groups of factors, several isoforms of fibroblast growth factor (FGF) and the activins, members of the transforming growth factor beta (TGF-/3) superfamily, are likely to have a role in the induction of mesoderm (reviewed in refs. [1] [2] [3] . With the aim to isolate molecular markers that are activated by mesoderm inducing factors, a screening procedure for early response genes was devised that used RNA from growth factor-treated animal explants of blastula embryos. This procedure led to the isolation of several cDNAs (4), one of which encodes the early response homeobox-containing gene Mix.l (5) .
Here we characterize a second gene isolated in the same screen called 1A11. In contrast to Mix.l, which is only inducible by activin, the 1A11 mRNA is induced by both activin and FGF. Surprisingly, we have discovered that 1A11 cDNA clones contain direct repeats at their ends, suggestive of transcripts derived from retrotransposons. Southern blotting of genomic DNA and analysis of genomic clones indicated that sequences related to cDNA 1 Al 1 are repeated in the genome. However, all of the genomic copies that have been characterized consist either of a solo long terminal repeat (LTR) or of the internal (unique) region of the 1A11 element. While the overall structure of 1 All conforms to that of retrotransposons described in other organisms it differs in important ways. Retroviruses studied primarily in mammals (6, 7) and retrotransposons characterized best in Drosophila (8) and yeast (9) share a replication mechanism that requires LTRs surrounding a unique sequence (unique within the element) which encodes proteins mediating replication. The 1A11 element represented by the cDNAs studied here shows only very limited sequence similarity with other retrotransposons, and in particular gives no indication of encoding a functional pol product, raising the question whether it is presently capable of transposition.
MATERIALS AND METHODS

Library screening
The original differential screen (4) yielded a short cDNA clone from the DG (differentially expressed in gastrula: ref. 10) library. Using this clone as a probe we obtained longer clones from the stage 13 cDNA library of Richter et al. (11) and the gastrula library of Blumberg et al. (12) . Genomic clones were obtained by screening 500,000 plaques of a library made from homozygous Xenopus DNA (13) . Probes were labeled with 32 P by the random primer method (Prime-It, Stratagene). Plaque purification and restriction analysis followed standard methods (14) .
DNA sequencing and analysis
Two EcoRI fragments of approximately 1 and 3 kb derived from the almost full-length cDNA clone 1A11.1 were subcloned into Bluescript SK+ (Stratagene). Deletions were prepared using the Erase-a-Base kit (Promega), and one strand was sequenced using an ABI 373a automatic sequencer according to protocols from the manufacturer (Applied Biosystems). The remaining 0.45 kb of sequence was obtained by the dideoxynucleotide method (15) * To whom correspondence should be addressed + Permanent address: Department of Anatomy, Shimane Medical University, Izumo 693, Japan after subcloning the entire 1A11.1 cDNA and flanking lambda sequence via a Sacl-Kpnl digest into Bluescript SK+. The second strand was sequenced by the same method using synthetic primers designed from first strand information.
Assembly and analysis of the 1A11 DNA sequence was performed using the University of Wisconsin GCG package of programs (16) 
RESULTS
Expression of 1A11 in Xenopus development
The original 1 Al 1 cDNA was isolated by differential screening (4) for genes from the DG library (10) that are rapidly induced in animal explants by FGF or by activin. As seen in Fig. 1A , 1A11 RNA is not detectable in uninduced animal explants (0), but is inducible by both activin (labeled X, since culture fluid from XTC cells was used) and FGF (F) to similar levels. During normal development, the 1A11 RNA of approximately 4.5 Kb first appears in stage 9 embryos (Fig. IB) , shortly after the midblastula transition (MBT) which marks the start of zygotic transcription (19) . The level of 1A11 transcripts peaks in late gastrula between stages 11 and 13, but 1A11 RNA is present throughout embryogenesis to at least the tailbud stage (Fig. IB) . Our interest in 1 All was based on its inducibility by FGF in embryo explants. Among the genes isolated in the screen (4), 1A11 was the only example of an FGF inducible gene with no constitutive component.
The spatial regulation of expression of 1 All was studied by whole mount in situ hybridization (20) and is shown in Fig. 2 . During late blastula to early gastrula stages ( Fig. 2A,B) 1A11 is expressed in the equatorial region of the embryo also called the marginal zone, a region that will give rise to mesoderm. No staining could be seen in the animal (ectodermal) and the vegetal (endodermal) regions. However, the absence of 1A11 RNA from the endoderm is not certain since penetration of this yolky region by reagents is difficult. In spite of this reservation it is clear that the marginal zone is a major site of 1A11 expression during gastrulation. In the early (Fig. 2C,D) and late (Fig. 2E,F) tailbud embryo the expression of 1A11 is concentrated in the somites. This is clearly seen from lateral views (Fig. 2D,E) , the dorsal view (Fig. 2Q , and in a transverse section (Fig. 2F ). In addition, the tailbud (posterior tip) contains 1A11 RNA as seen in Fig. 2D and confirmed in other specimens (not shown). A low level of expression could be seen in lateral mesoderm of tailbud embryos but is not visible at the plane of focus of the photographs of Figure 2 .
The in situ hybridization experiments thus show that 1A11 RNA is expressed in restricted regions of the embryo, specifically the entire mesoderm of the early embryo and the somites and tailbud of later stages. This pattern of expression is consistent with the FGF and activin inducibility of 1A11, since these factors are effective in inducing somitic as well as other types of mesoderm (1-3). (52) . Note that the inducing factor in XTC medium is activin (53) . RNA was then extracted, electrophoresed and blotted onto Nytran. The blot was hybridized to the 3kb EcoRI fragment from the 1A11.1 cDNA clone (see Fig. 4 ). This figure is reproduced from (4). (B) Developmental time course of 1 All RNA expression in Xenopus embryos. RNA was isolated from eggs (e) and embryos at the stages shown, and analyzed as in panel A.
Sequence of 1A11 cDNA A nearly full length cDNA clone of 1 Al 1 obtained from a stage 13 Xenopus cDNA library in Xgtll (11) was subcloned into plasmids and sequenced on both strands (Fig. 3) . The resulting sequence revealed a direct repeat of approximately 200 bp at the ends of this cDNA clone. Analysis of additional cDNAs and of genomic DNA (see below) showed that the repeat is actually 220 bp long. A short oligo(A) tail of 8 nucleotides was present at the 3' end of the cDNA clone. Partial sequencing of a cDNA clone isolated from a different library (12) confirmed the presence of the direct repeat. Transcripts with direct repeats at their ends are characteristic of RNAs transcribed from retroviruses or retrotransposons (6-9,21), and we therefore proceeded to look for retrotransposon-like properties in the 1 Al 1 sequence. The structure of the 1A11 cDNA is shown schematically in Figure 4A , incorporating information from the analysis of genomic DNA that will be presented next, before we consider some of the properties of the 1A11 sequence.
Sequences related to 1A11 in the Xenopus genome To investigate the structure of sequences related to 1A11 in the genome we used a cDNA probe containing both LTR and unique region sequences to isolate clones from a genomic library derived from DNA of homozygous Xenopus. The proportion of positive plaques, while not an accurate measure of copy number, nevertheless suggested that sequences related to 1A11 are present in multiple copies in the Xenopus genome (see also below). The sequence of the 1 All-related portion of one clone, 4-2, was determined and is summarized in the map of Figure 4B . The figure shows that the sequence of clone 4-2 aligns with the cDNA at both of its ends, as predicted for a 'solo' LTR; one mismatch between U5 and genomic DNA may be a polymorphism since the cDNA libraries had not been prepared from homozygous material. The LTR includes two regions that are not repeated in the cDNA and that are identified as U5 and U3 (see ref. 7) . The transition points between homology and nonhomology of genomic and cDNA sequences define the extent of the LTR at the U5/unique and unique/U3 boundaries (Fig. 4B) . The 1A11 LTR has a length of 1267 bp which is unusually large as compared to those of other known retrotransposons (6, 8) .
The ends of the solo LTR in clone 4-2 show a five-residue inverted repeat (Fig. 4B) , a feature generally seen in retroviruses and retrotransposons (6, 8) . In addition, a direct repeat of five bp is seen flanking the LTR (Fig. 4B) , the probable result of target site duplication during insertion of the mobile element, a general feature of transposons of all types (6-9). Yet another feature of retrotransposons is present in 1A11, a polypurine stretch immediately upstream of the U3 region (Fig. 3) , similar to such regions found in other retroviruses (6) and retrotransposons (8, 9) . The distribution of unique and LTR sequences in five genomic clones was tested by Southern hybridization (Fig. 5) . The 1.55 Kb fragment representing about half the length of the unique region (Fig. 4A) hybridized with three of the five clones (Fig. 5A) . The two other clones hybridized with a probe that represents the entire LTR. The intensity of hybridization differed: clone 4-2 (Fig. 5B, lane 1) contains a complete LTR and hybridized strongly, while a second phage hybridized more weakly and may represent a partly deleted or diverged copy of the sequence. None of the five clones contained both LTR and unique sequences.
Additional information about the genomic organization of 1 All-related sequences was obtained by Southern blotting of Xenopus genomic DNA with three different probes, the 1.55 Kb unique sequence fragment, the LTR, and the R region (see Fig. 4 ). The patterns obtained with the LTR and R probes are similar (Fig. 6B,C) . Using the marker lane containing 10 copy equivalents of cloned DNA for comparison we estimate that there are hundreds of copies of 1A11 LTR-related sequences in the Xenopus genome. The unique sequence probe revealed a distinct pattern which suggested, on the basis of a similar comparison, that there are only approximately 20 to 30 copies of related sequences in the genome (Fig. 6A ). The differences in the patterns in Fig. 6A as opposed to 6B,C support the view that most copies of 1 All-related DNA segments in the Xenopus genome contain either LTR or unique region sequences. The frequencies estimated from the genomic Southern blots are consistent with the numbers of recombinant phage that were isolated in the screen of the genomic library described above.
Properties of the predicted 1A11 translation product
Analysis of the 1A11 sequence revealed a long open reading frame (ORF) on the RNA strand encoding a predicted 71 KDa protein (Fig. 7A) . We searched for sequence similarities of the predicted translation product to proteins in the data base, particularly to the pol and gag proteins of retroviruses and retrotransposons. No similarity to pol genes (22,23) was detected, but limited regions of apparent similarity to the nucleic acid binding site of gag proteins (24) (25) (26) , and to a conserved sequence in proteases of both retroviral and non-retroviral origin (26) (27) (28) were observed (Fig. 7B) .
DISCUSSION
The structural features of the 1 Al 1 element most closely resemble those of retroviruses or retrotransposons (Fig. 4) . The 1A11 transcripts, as reflected in several cDNA clones, possess direct repeats of 220 nucleotides at their ends and a polypurine stretch at the 3' end of its unique region; further, short poly(A) tails were found in several cDNAs downstream of the repeat. Inverted repeats were seen at the ends of the LTR in genomic clone 4-2, and an apparent target site duplication of five bp flanks this LTR. All of these properties point to a retrotransposon-like nature for 1A11 (6) (7) (8) (9) (10) . The analysis of ORFs only partly supports this interpretation. While a single long ORF was seen, only short sequence similarities to the gag gene product and to proteases were detected (Fig. 7) , while the usually extensive pol homologies (22,23) were not found. Studies of genomic clones and of the genomic organization of 1A11 sequences by Southern blotting suggest that few intact elements with an LTR-unique sequence-LTR organization exist in the Xenopus genome. Rather, multiple copies of 1 Al 1-related segments exist that contain either the LTR or the unique region (Fig. 4) , for panels B and C, full LTR or R region probes were generated by PCR. Markers on left refer to panels A and B; markers on the right refer to panel C.
sequences. It appears that the copy number of the LTR-related elements is much higher than of those related to the unique region at the center of the cDNA. However, it is very likely that at least one intact copy of the complete retrotransposon exists, allowing the transcription of the inducible RNA seen in Xenopus embryos. Lack of pol homology may imply that the 1A11 element that encodes the major transcript seen in the embryo is not capable of transposition at present. This is consistent with the fact that most of the copies of the LTR and of the central (unique) region of 1A11 appear unlinked as judged by the analysis of genomic clones (Fig. 5 ) and of genomic Southern blots (Fig. 6 ). However, a hypothesis that 1A11 is not presently transposable would have to account for the retention of the complete element with an intact long ORF in the genome. It is possible that 1A11 elements transpose by using machinery provided in trans by other elements. In any case it is likely that the 1A11 element was active in transposition at some time during its evolution. A long evolutionary history is suggested by the finding that sequences hybridizing at high stringency to 1A11 LTR and unique region probes are abundant in Xenopus borealis (unpublished results). X.laevis and X.borealis probably have diverged more than 20 million years ago (29) .
Why is the 1A11 RNA inducible by growth factors and expressed in a spatially restricted manner in embryogenesis? It is not likely that the relevant control sequences for induced expression are contained entirely within the LTR; if they were, we would expect different transcripts to arise from each solo LTR. Since there are many LTR-related sequences in the genome and at least some are identical in sequence to the corresponding regions of the cDNA (like clone 4-2), multiple heterogeneous 1A11 transcripts should occur both in normal embryos and in growth factor-induced animal explants. Since the observed 1 Al 1 RNA migrates at a discrete size it is more likely that it arises from only one copy or from a small number of very similar copies of the element in the genome. This restricted expression could be due to at least three reasons. (1) The particular active 1 Al 1 element may be developmentally regulated and growth factor responsive because its site of integration is located near an enhancer or other transcriptional control element which is responsive to both FGF and activin, but which is primarily involved in the regulation of a different, protein-coding gene. Together with basal promoter activity residing in the LTR, this hypothetical enhancer could explain the growth factor responsiveness and tissue specificity of this particular 1A11 element. In other words, the transcribed copy of 1A11 may act as a natural enhancer trap. (2) The function of cis-regulatory sequences in the LTR may depend on interaction with sequences in the internal region of the element in transcriptional activation and regulation, as reported for yeast Ty elements (30, 31) . In that case, solo LTRs would not be active, but a complete element would be transcribed. Combinations of the two mechanisms are also possible. (3) The 1A11 transcript may have a function in embryogenesis that requires inducibility of its expression and depends on the maintenance of its ORF. In view of the transposon-like properties of 1A11 such a hypothesis appears unlikely, but it cannot be excluded at present. Whatever the basis for the responsiveness of 1 Al 1 to growth factors, it has proved useful as a marker for FGF inducible genes in the embryo (32) (33) (34) , joining other FGF-responsive genes like Xbra (35) and Xpo (36) .
Repetitive DNA elements with suspected transposable properties have been found in Xenopus (37) as in many other organisms, but no retrotransposons have been reported in this species. The best characterized elements in Xenopus have properties of retroposons, i.e., of elements that lack direct terminal repeats but generate target site duplications at the site of insertion, often have a poly(A) stretch at one end suggesting replication through an RNA intermediate, and may encode long ORFs with sequence similarity to reverse transcriptase (RT) and other retroviral proteins. The Txl and Tx2 elements (38, 39) are composed of a variable number of short repetitive segments and, in a subset of the family, a central region that encodes predicted proteins with sequence homology to RT of retroviruses and of LINE elements. A different family of sequences named 1723 (40) is likely to include transposable members since a polymorphism generated by the presence or absence of a 1723 element has been found in the vicinity of the Xenopus enkephalin gene (41) . The 1 Al 1 gene adds a retrotransposon-like element to the repertoire of frog repeated sequences. Retrotransposons are common in yeast (9, 21) and in Drosophila (8), have been found in different animal phyla (28) , and appear to be rather abundant in higher plants (42, 43) . In mammalian species, the retrovirus-like intracisternal A particles (44), other retrotransposon-like sequences (45, 46) , and multiple copies of solo LTRs have been characterized (47); the latter have been shown to constitute recombinational hotspots (48) . The existence of a Tyl-copia group retrotransposon in a fish has been inferred on the basis of the isolation of a DNA fragment with homology to this class of element in other organisms (49) . However, the major class of long repetitive and probably transposable elements in the mammalian genome, the LINE elements, belongs to a different class than the retrotransposons (50, 51) . The 1A11 family of Xenopus differs in several respects from the elements described so far in this and other vertebrates: while little sequence similarity with known retrotransposons was found, the structure of the transcript links this family directly to the retrotransposon class of elements.
